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Introduction

The primary mechanism that sustains self-tolerance is thy-
mic deletion of autoreactive T cells, but this process might be
incomplete. During development, self-reactive T cells that
escape thymic deletion and exit into the peripheral circula-
tion are controlled by mechanisms responsible for peripheral
tolerance. These mechanisms include T cell anergy, igno-
rance, phenotypic skewing and apoptosis [1]. Recent studies
have suggested that CD4"CD25" regulatory T (T.,) cells
exhibit immune suppressive activity and also play a critical
role in the maintenance of self-tolerance [2-5]. Nude mice
transferred with CD4* T cells depleted of CD25" cells devel-
oped various organ-specific autoimmune diseases. Reconsti-
tution of CD4'CD25" cells within a limited period after
transfer of CD4*CD25 cells prevented the onset of these dis-
eases [6]. The forkhead box P3 (Foxp3) gene is shown to be
central in the development and function of CD25" T, cells
[7-9]. Although there is a marked contrast with regard to the
importance of immunosuppressive cytokines in vivo
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Summary

Systemic lupus erythematosus (SLE) is a chronic, systemic autoimmune dis-
ease characterized by the loss of tolerance to self-antigen. Because it is cur-
rently not known if regulatory T (T, cells are involved in the pathogenesis,
we determined the frequency of CD4*CD25* T cells and assayed the related
gene expression levels in CD4*CD25" T cells isolated from both lupus mice
(NZB/NZW F,) and normal control mice (DBA2/NZW F,). The results
showed that the frequency of CD4*CD25" T cells in lupus mice was lower than
that of normal mice. Except for the high expression level of interleukin (IL)-10
mRNA, CD4*CD25* T cells from lupus mice expressed normal forkhead box
P3 (Foxp3) and transforming growth factor (TGF)-B mRNA, and exerted sup-
pressive functions. Furthermore, we depleted CD25" T, cells of non-autoim-
mune mice with anti-CD25 antibody and broke their tolerance with apoptotic
cell-pulsed dendritic cells for the follow-up of autoantibody levels. The mice
in the CD25" cell-depleted group had higher titres of anti-double-strand/sin-
gle-strand DNA antibodies than those of the isotype control antibody-treated
group. These findings indicated that CD4*CD25* T cells might be involved in
the regulatory mechanism of autoantibody production.

Keywords: autoantibodies, lupus/ systemic lupus erythematosus, regulatory T
cells

compared to CD25" T, cell suppression in vitro, several
cytokines have been implicated as mediators of inhibition,
such as interleukin (IL)-10 and transforming growth factor
(TGF)-B [10].

Systemic lupus erythematosus (SLE) is a chronic, systemic
autoimmune disease characterized by the loss of tolerance to
self-antigen and the production of autoantibodies against
components of the cell nucleus [11]. Many factors are
involved in the pathogenesis of SLE, including genetic fac-
tors, environmental factors, hormone, hyperactivated B cells
and T cells, abnormal phagocytic functions and abnormal
immunoregulation [12-14]. Female NZB X NZW F, (BWEF))
mice develop lupus resembling human SLE spontaneously,
with polyclonal B cell activation leading to the production of
autoantibodies and immune complex-mediated glomerulo-
nephritis. To examine if CD4'CD25" T, cells are also
involved in the pathogenesis of SLE, recent studies have
revealed a deficiency of T, cell numbers in two murine
models, BWF, and SNF, [15] and in human patients [16—
18].
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Moreover, to determine if there are any defects in
CD4"CD25" T cells of BWF, mice, we compared their fre-
quencies and functions with CD4*CD25" T cells of DBA-
2xXNZW F, (D2WF,) mice. We attempted to investigate
whether a deficiency of CD4"CD25" T cell numbers could
cause lupus-like diseases in normal mice. In our previous
studies, we have successfully broken the self-tolerance of
normal mice with apoptotic cells. D2WF,; mice produced
high titres of anti-DNA antibodies after immunization with
apoptotic cell-pulsed dendritic cells (DCs) and then received
a boost of apoptotic cells [19]. The approach of this study
was the depletion of CD25" T cells before breaking the tol-
erance of normal mice. We found that mice lacking
CD4*CD25" T cells had more severe autoimmune responses
than mice with normal T,, cell numbers.

Materials and methods

Mice

Female NZB x NZW F, (BWF,) mice were purchased from
Jackson Laboratories (Bar Harbor, ME, USA). Female DBA-
2 X NZW F, (D2WF,) mice of non-autoimmune strain were
obtained from and maintained by the Animal Centre of the
College of Medicine of the National Taiwan University in a
pathogen-free facility. At 6-8 weeks of age, female D2WEF,
mice were used as the source of bone marrow-derived den-
dritic cells (BMDCs). Mice of both strains have identical
major histocompatibility complex class II (H-2%"). The
experimental protocol was approved by the Animal Com-
mittee of the College of Medicine of the National Taiwan
University.

Isolation of cells

The CD4"CD25" and CD4"CD25™ T cells were purified with
auto-magnetic affinity cell sorting (MACS) using the
CD47CD25" regulatory T cell isolation kit (Miltenyi Biotec,
Sunnyvale, CA, USA). First, CD4" T cells were enriched from
splenocytes stained with CD4"CD25" regulatory T cell
biotin—antibody cocktail and anti-biotin microbeads.
CD4'CD25" and CD4"CD25™ T cell magnetic separations
were performed by staining with CD25-phycoerythrin (PE),
followed by staining with anti-PE microbeads. Antigen-pre-
senting cells (APC) were selected negatively from splenocytes
by depleting Thy-1-2" T cells. DCs were positively selected
with anti-CD11c-coated magnetic microbeads (Miltenyi
Biotec).

Flow cytometry

After the red blood cells (RBC) were depleted using ACK
lysis buffer (0-15M NH,CI, 10mM KHCO;, 0-ImM Na,
EDTA, pH7-2), splenocytes or peripheral blood were incu-
bated with fluorescein isothiocyanate (FITC)-conjugated
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anti-CD3 monoclonal antibody (MoAb) (145-2C11; eBio-
science, San Diego, CA, USA), PE-conjugated anti-CD25
MoAD (PC61; eBioscience), cychrome-conjugated anti-CD4
Moab (L3T4; eBioscience) or relevant isotype controls
(eBR2a; eBioscience) for 30 min at 4°C. The cells were then
washed with fluorescence activated cell sorter (FACScan)
buffer and analysed on FACScan (BD Biosciences) using
CellQuest software.

Analysis of gene expression

Total cellular mRNA was extracted from 1 x 10° isolated cells
using GenesStrip™ hybridization tubes (RNATure, West Irv-
ine, CA, USA) and reverse transcribed into cDNA by using
SuperScript™ II reverse transcriptase (Invitrogen, Carlsbad,
CA, USA) and random hexamer primer (RNATure). Gene
expression was quantified by real-time polymerase chain
reaction (PCR) using Assays-on-Demand™ gene expression
products [forkhead box P3 (Foxp3), IL-10, TGF-, IL-4 and
hypoxanthine phosphoribosyltransferase (HPRT)], Assays-
on-Design™ Gene Expression Products (IFN-y) and the
ABI/PRISM 7700 sequence detection system (Applied Bio-
systems Inc., Foster City, CA, USA). Samples were run in
triplicate. The amount of gene expression was calculated
from the standard curve (a serial dilution of
D2WF, CD4"CD25* ¢DNA) and the relative expression of
the target gene was determined by dividing the target gene
value by the HPRT value.

Suppression assay

Isolated CD4*CD25 T cells (1 x 10° cells/well) were stimu-
lated in triplicate with autologous T-depleted, irradiated
splenocytes (1x 10° cells/well) in the presence of 1 pg/ml
anti-CD3  MoAb  (145-2C11; eBioscience). Isolated
CD4'CD25" T cells were used as T, cells and added to the
wells at a different ratio (CD4*CD25™ T cells: CD4*CD25" T
cells=1:0-25,1:0-:5,1:1). Cells were co-cultured in a final
volume of 200 pl of RPMI-1640 supplemented with 10%
fetal calf serum (FCS) in 96-well round-bottomed plates for
3 days. The wells were pulsed with 1 puCi of [*H]-thymidine
18 h before harvesting and the cells were collected onto glass
fibre filters using an automated multi-sample harvester, and
the amount of incorporated [*H]-thymidine was then mea-
sured with a dry scintillation counter (Packard, Meridan, CT,
USA).

Generation of dendritic cells and apoptotic cells

BMDCs were prepared as described previously [20]. In brief,
erythrocytes-depleted bone marrow cells were cultured in a
medium supplemented with recombinant murine granulo-
cyte—macrophage colony-stimulating factor (GM-CSF)
(750 U/ml) and IL-4 (1000 U/ml) (Pepro Tech Inc. Rocky
Hill, NJ, USA). Apoptotic cells were generated by treating
single-cell suspensions of thymocytes with 1-2x10°M
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dexamethasone for 15h. On day 4 of culture, apoptotic
cells were added to BMDC cultures at the ratio of 10: 1.
After 48 h, cells were collected and DCs were enriched by
anti-CD11c-coated magnetic microbeads.

Immunization of mice

D2WF, mice were divided into three groups and given an
intravenous injection of phosphate-buffered saline (PBS),
isotype control antibody (250 pg/mouse) (A110-1, PharM-
ingen, San Diego, CA, USA) or anti-CD25 antibody (250 pg/
mouse) (PC61, PharMingen) on day 0. The mice were then
immunized with PBS or dendritic cells pulsed with apoptotic
cells (1-5 x 10> DCs/mouse) on day 4 and boosted with PBS
or apoptotic cells (1 x 107 cells/mouse) on day 9. All the mice
were bled at indicated time-points. Sera were collected for
autoantibody detection.

Enzyme-linked immunosorbent assay

Antibodies to double-strand (ds) DNA and single-strand
(ss) DNA in the serum samples were measured by enzyme-
linked immunosorbent assay (ELISA). The level of anti-
DNA IgG was presented as ELISA units (EU/ml) compared
with the MoAb 10F10, which is specific for either dsDNA or
ssDNA. The absorbance value generated by 74 ng/ml of
10F10 antibody was defined as 1 EU/ml.

Statistical analysis

The significant differences between the experimental and
control groups were analysed with the Mann—Whitney U-
test by using GraphPad Prism version 4-00 (GraphPad Soft-
ware, San Diego, CA, USA). A P-value of < 0-05 was consid-
ered to be statistically significant.

Results

Percentage of CD4*CD25" T cells in BWF, and D2WF,
mice

In order to examine whether lupus mice have a deficiency in
CD4"CD25" T cells, we determined the percentage of these
cells in the splenocytes of lupus and normal mice. Because
D2WF, mice have identical major histocompatibility com-
plex class 1T (H-2%") with BWF,, we used D2WF, mice as
the normal control mice. The percentage of CD4"CD25" T
cells in splenic CD4" T cells of BWF, mice was significantly
lower than that of D2WF, mice, and the mean percentages
of BWF, mice and D2WF, mice were 13:0% and 15-2%,
respectively (Fig. 1). We also measured the levels of periph-
eral CD4"CD25" T cells in autoimmune and normal mice.
However, the frequency of peripheral CD4"CD25" T cells of
BWF, mice was similar to that of D2WF, mice (data not
show).

© 2006 The Author(s)
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Fig. 1. The relative percentage of splenic CD4*CD25* T cell in DBA-
2 X NZW F, (D2WF,) mice and NZB x NZW F, (BWF,) mice. The
CD3" T cells were gated and the percentage of CD25" cells in CD4" T
cells was shown above. Bars show mean *s.d. *P < 0-05 (D2WF,, n = 4;
BWE, n=5).

Gene expression profile of CD4*CD25* T cells in D2WF,
and BWF, mice

We further analysed the expression of some specific genes
which are relative to the development and the function of T,
cells, such as Foxp3, IL-10 and TGF-B. Cells were isolated
from splenocytes of both mice at different ages. The purity of
CD4"CD25" T cells was greater than 90%, and that of
CD4"CD25™ T cells was greater than 95% (data not shown).
The mRNA expression of freshly isolated cells was quantified
by real-time PCR. We found that the mRNA expression of
Foxp3 was predominant in CD4°'CD25" T cells. Foxp3
expression in BWF, CD4"CD25" T cells was similar to that in
D2WF, CD4"CD25" T cells. The expression level of Foxp3 in
CD4"CD25™ T cells was used as a negative control. However,
we found that Foxp3 expression in BWF, CD4"CD25™ T cells
was higher than that in D2WF, CD4"CD25™ T cells (Fig. 2a).

Moreover, TGF-f expression in BWF, CD4*CD25" T cells
was also normal (Fig.2c). Both BWF, CD4"CD25" and
CD4"CD25™ T cells expressed higher levels of IL-10 than
D2WF, CD4°CD25" and CD4"CD25™ T cells, and this phe-
nomenon was more significant in old BWF, mice at 6-11
months of age (Fig. 2b).

The suppressive function of CD4*CD25* T cells from
D2WF, and BWF; mice

To determine the suppressive function of CD4'CD25" T
cells isolated from both mice, different numbers of
D2WF, CD4*CD25" or CD4*CD25™ T cells were added to the
culture of CD4"CD25™ T cells to suppress their proliferation.
It was found that CD4"CD25" T cells from both D2WF,
(Fig. 3a) and BWF, mice (Fig. 3b) inhibited the proliferation
of autologous CD4"CD25™ T cells at a ratio of 0-25: 1, but
CD4*CD25™ T cells did not. The 1 : 1 ratio of CD25" cells to
CD25 cells was then used to compare the activities of
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Fig.2. Gene expression profiles of CD4"CD25" cells and CD4"CD25"
cells isolated from DBA-2 X NZW F, (D2WF,) mice or NZB X NZW F,
(BWF,) mice at different ages. The relative mRNA expression of fork-
head box P3 (Foxp3) (a), interleukin (IL)-10 (b) and transforming
growth factor (TGF)-B (c) was determined by normalizing the expres-
sion of each target gene to hypoxanthine phosphoribosyltransferase
(HPRT). Bars show mean * s.d. *P < 0-05, #P < 0-01 (n=5).

D2WF, CD4"CD25" T cells with BWF, CD4"CD25" T cells.
Data showed that CD4*CD25* T cells have similar suppressive
capability and the mean inhibition of D2WF, and BWF, mice
were 50-8% and 54-8%, respectively (Fig. 3c).
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CD4"CD25"* T cells play a role in controlling
autoantibody production

The data above indicate that CD4*CD25" T cells in BWF,
mice had a deficiency in cell numbers, but had a normal
expression level of Foxp3 and normal suppressive functions.
To investigate further if the deficiency of T, cell numbers in
BWE, mice causes the development of lupus-like disease, we
depleted CD25" cells in normal mice and then broke down
their tolerance. The depleted efficiency in mouse peripheral
blood was followed after mice received an intravenous injec-
tion of anti-CD25 MoAb. Data showed that the percentage of
CD4'CD25" T cells in peripheral CD4" T cells decreased
from 4% to less than 1% and was maintained for more than
20 days (Fig. 4).

Our previous experiments showed that after adoptive
transfer of apoptotic cell-pulsed DCs into D2WF, mice, it
initiated an autoimmune response in normal mice, such as
the production of anti-dsDNA antibody and anti-ssDNA
antibody [19]. The effect of depletion of CD25" cells 4 days
before D2WF, mice were immunized with PBS or apoptotic
cell-pulsed DCs was studied. Mice further received a boost of
PBS or apoptotic cells to enhance their immune response on
day 9 and were bled at indicated time-points, as shown in
Fig. 5a. The ELISA data of mouse serum showed that mice
treated with apoptotic cell-pulsed DCs and a boost of apo-
ptotic cells produced anti-ssDNA and anti-dsDNA antibod-
ies (Fig. 5b,c). In addition, mice in the CD25" cell-depleted
group developed a more severe autoimmune response than
mice in the isotype control antibody-treated groups.

Discussion

SLE is a prototype of systemic autoimmune disease. Multiple
defects in the immune system of SLE patients have been
described, including B and T cell hyperactivity and aberrant
cytokine production. Some studies concerning the role of
CD4"CD25" T cells in lupus reveal decreased frequencies of
these cells in SLE patients [16-18] and lupus mice [15].
However, it remains unclear if the suppressive function of
Treg
cells in lupus mice show deceased frequency, but T, cells of
lupus mice have no significant defect in their suppressive

cells in SLE is impaired. From our findings, splenic T,

activity. Similar results have been noted in lupus-prone
MRL/Mp mice. Their CD4*CD25" T cells have normal fre-
quencies and display only subtle abnormalities of function
[21].

Foxp3 is a critical molecule for the development and func-
tion of CD4"CD25" T cells [7-9]. At both mRNA and protein
levels, Foxp3 expression in peripheral CD4" T cells was pre-
dominant in the CD4*CD25" subset. Scurfy mice with spon-
taneous Foxp3 mutation have a fatal lymphoproliferative
disease associated with multi-organ infiltration and early
death at 3—4 weeks of age in hemizygous (sf/Y) males [22].
Moreover, mutations in human FOXP3 have also been iden-
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Fig. 3. The suppressive function of CD4*CD25"
cells isolated from DBA-2 X NZW F, (D2WEF,)
mice and NZB x NZW F, (BWE,) mice. Different
numbers of CD4"CD25" T cells or CD4*CD25~
cells from D2WF, mice (a) or BWF, mice (b) were
added to the culture of CD4*CD25 T cells stimu-
lated with autologous T-depleted splenocytes and
anti-CD3 monoclonal antibody. (c) CD4*CD25*
T cells from D2WF,F, mice and BWF, mice
suppressed the proliferation of autologous
CD4*CD25" cells at the ratio of 1: 1. Bars show
mean £ s.d. (n=3).

tified in patients with a severe fatal autoimmune/allergic
syndrome, known as IPEX (immune dysregulation, polyen-
docrinopathy, enteropathy, X-linked syndrome) [23-25].
An indispensable study for Foxp3 in T, cell development
showed directly that CD4"CD25" T cells in the periphery of
scurfy or Foxp3-deficient mice were neither anergic nor sup-
pressive in vitro [8]. In BWF, mice, Foxp3 expression seemed
normal in CD4"CD25" T cells and these cells had normal
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Fig. 4. Depletion of CD4"CD25" cells in DBA-2 x NZW F, (D2WF))
mice by administration of anti-CD25 monoclonal antibody (MoAb).
D2WF, mice received an intravenously injection of phosphate-buffered
saline or anti-CD25 antibody (250 ug/mouse) on day 0. All mice were
bled before immunization and at each time-point. The CD3* T cells
were gated and the relative percentage of CD4'CD25" T cell in CD4" T
cells was determined. Values are mean £ s.d. (n=4).
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suppressive function. We therefore excluded the possibility
of Foxp3 deficiency in BWF, mice.

The CD4"CD25" T cells have diverse T cell receptor (TCR)
repertoires [26,27], suggesting that they are capable of
responding to a wide spectrum of antigens. Some studies of
human CD4*CD25" T cells have shown that they suppress
proliferation and cytokine production to both self- and for-
eign antigens. In our study, although the suppressive
function of lupus CD4"CD25" T cells to TCR stimulation
(anti-CD3) is normal, we do not know whether they fail to
suppress the response to self-antigen. Recent findings have
indicated that CD25" T cells from New Zealand mixed 2328
mice had defects in suppressing lupus glomerulonephritis
and sialoadenitis [28]. Defective antigen-specific T, cells
may thus contribute to the pathogenesis of lupus. Therefore,

the antigen-specific suppression of lupus T, cells merits

reg
being investigated further.

IL-10 is an important immunoregulatory cytokine,
mainly by inhibiting the production of proinflammatory
cytokines and by regulating the differentiation and prolifer-
ation of several immune cells, such as T cells, B cells and APC
[29]. In some experimental systems, the effect of T, cells is
also mediated by IL-10 [30]. However, high amounts of IL-
10 have been found in SLE patients and most of the IL-10
have been secreted by monocytes and B lymphocytes, with a
small contribution from T lymphocytes [31].

In our study, both CD4"CD25" T and CD4"CD25™ T cells
isolated from BWF, mice with severe lupus disease pro-
duced higher levels of IL-10 mRNA than those of normal
mice. It is still unknown whether this represents the
CD4"CD25" T cells exerting their suppressive function
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through IL-10, or if lupus mice have an unusual genetic
transcription of IL-10.

The major source of autoantigens in SLE might be the
apoptotic cells. Our previous study indicated that DCs
treated with apoptotic cells could initiate the response of
autoreactive T cells and the production of autoantibodies
[19]. DCs presenting self-antigen can initiate autoantibody
response, indicating that autoreactive cells exist in the nor-
mal body under the control of peripheral tolerance. When
the mechanism of peripheral tolerance is broken, such as
depletion of T, cells, autoreactive cells would cause autoim-
mune diseases. Recent data also show that CD4'CD25" T
cells down-regulate the maturation and function of the DCs
[32] and inhibit the maturation, rather than initiation, of
autoantibody responses [33]. In our experiment, the deple-
tion of T, cells combined with accumulated autoantigens
caused severe autoimmune responses in normal animal
model.

A recent study demonstrated that eliminating CD4"CD25"
T cells induced an increase in anti-nuclear antibodies and
accelerated the development of glomerulonephritis during
the pre-active phase in BWF, mice [34]. In our in vivo exper-
iment, D2ZWF, mice whose CD25" cells were depleted pro-
duced higher titres of autoantibodies after being immunized
with apoptotic cells-pulsed DCs. However, the production of
autoantibodies was inhibited further after day 44 (Fig.5).
The reason may be that the haematopoietic system could
reconstitute CD4"CD25" T cells to control autoimmune
response in normal mice.

Moreover, high titres of anti-DNA antibodies were not
accompanied by the development of kidney disease in our
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1st 2nd 3rd 4th 5th

animal experiment. Other key factors may be involved in the
mechanism of end-organ damage. In lupus-prone NZM2328
mice, a locus Cgnzl on chromosome 1 was linked to chronic
glomerulonephritis and severe proteinuria in females. The
study indicated that breaking tolerance to dsDNA and chro-
matin is not required for the pathogenesis of lupus nephritis
[35].

The pathogenesis of SLE is complex. Several studies sug-
gest that the causes of SLE were defective clearance of
autoantigens and abnormal immunoregulation. Our study
suggested that the defect of T, cells in BWF; mice may also
contribute to ineffective inhibition of autoantibody produc-
tion and subsequent pathological damage.
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